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We present modeling and design of singly-resonant optical parametric oscillator (SR-
OPO) with an intracavity idler absorber to enhance the conversion efficiency for the
signal, by suppressing the back conversion of the signal and idler to the pump. Following
plane wave analysis, we arrive at the optimum parameters of the OPO to achieve high
conversion efficiency for the signal. For a given pump intensity, we have analyzed the
effect of position and number of absorbers required for optimum performance of the
device. The model is also extended to the case in which the signal is absorbed, yielding
higher conversion efficiency for the idler (in mid-IR region). The magnitude of absorption
and the effect of inter-crystal phase shift on the conversion efficiency are also discussed.
We also present an analytical solution for twin-crystal SR-OPO with an absorber in
between; taking into account the variation of signal amplitude inside the cavity, we re-
affirm that the often used constant signal-wave approximation is valid if the reflectivity
of the output coupler is high for the signal.
Keywords: Optical parametric oscillator; Intracavity idler absorption.
1. Introduction
Optical parametric oscillators (OPOs) are widely developed and used as sources
of tunable light in the visible and near IR region. There is a considerable amount
of literature available on the modeling, analysis and experimentation of OPOs.
Most of the existing models of OPOs dealt with their performance for pump power
nearly five to six times the threshold. Beyond this pump power, the conversion
efficiency was limited by back conversion (annihilation of signal and idler photons
back to pump photons).1−6 If the idler wave is absorbed inside the nonlinear crystal,
then it would prevent the back conversion7; i.e., due to the absence of idler wave,
pump cannot build up by depleting the signal wave. But the nonlinear crystals
∗Corresponding author.
1
ar
X
iv
:1
70
5.
07
30
1v
2 
 [p
hy
sic
s.o
pti
cs
]  
29
 M
ay
 20
17
2 T. Singh & M. R. Shenoy
may not possess large absorption coefficient at the idler wavelength. One of the
ways to increase the absorption of idler wave is to dope the nonlinear crystal with
absorbing impurities. However, increasing the idler absorption coefficient by doping
could affect the nonlinear properties of the crystal. Also, the absorption of idler
wave inside the nonlinear crystal causes the thermal loading8,9 of the nonlinear
crystal and results in a decrease in the conversion efficiency.10−12 There are some
other OPO configurations to suppress the back conversion, for example, using a
two-crystal OPO with four dichroic mirrors.13 But such configurations have some
limitations, such as longer build-up time due to the use of ring cavity and more
signal loss due to the use of four mirrors.14
In this paper, we present a plane wave analysis of the twin crystal OPO, which
employs a separate (stand-alone) absorber in between the two nonlinear crystals
wherein the absorption of idler wave takes place. Use of a separate absorber has
some additional benefits over the configuration in which absorption takes place
inside the nonlinear crystal. By varying the position of the absorber in our model, we
show that the back conversion is completely suppressed if it is placed nearly mid-way
between the two crystals. Putting an absorber between the crystals will introduce
an additional relative inter-crystal phase shift that can be used to cancel the effect
of phase mismatch in the two crystals just like in parametric amplifiers.15,16 A brief
discussion of three-crystal configuration with two idler absorbers is also presented.
Further, instead of using an idler absorber, if we use a signal absorber, then we
can enhance the idler conversion efficiency. To the best of our knowledge, there
are very few schemes that give high conversion efficiency in mid-IR region. For
single crystal configuration, constant signal-wave approximation is valid when the
reflectivity of the output mirror is high.17 We have presented a similar analysis
for the twin-crystal configuration, now with an idler absorber in between the two
crystals.
2. SR-OPO with uniform idler absorption
Under the slowly varying envelope approximation, the three coupled differential
equations,18 for optical parametric generation including the idler absorption, are
given below:
dEp
dz
= −iκpEiEs exp (i∆kz), (2.1)
dEs
dz
= −iκsEpE∗i exp (−i∆kz), (2.2)
dEi
dz
= −iκiEpE∗s exp (−i∆kz)−
αi
2
Ei, (2.3)
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where Em’s are the amplitudes of the three waves (m=p, s, i). αi is the idler ab-
sorption coefficient and
κm =
ωmdeff
nmc
(2.4)
are the coupling constants for the three waves; deff is the effective nonlinear coeffi-
cient of the crystal, ωm’s are the angular frequencies and nm’s are the corresponding
refracive indices of the interacting waves and c is the speed of light in vacuum. The
phase mismatch term between the pump and the generated waves is given by:
∆k = kp − (ks + ki). (2.5)
km’s are the magnitudes of the propagation vectors of the three waves, and the
energy conservation requires:
ωp = ωs + ωi. (2.6)
Schematic of an SR-OPO with idler absorption inside the crystal is shown in Fig.
1. M1 and M2 are dichroic mirrors with high reflectivity for the signal and high
transmitivity for the idler and pump. L is the length of the crystal. For the case of
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Fig. 1. Schematic of SR-OPO with idler absorption inside the crystal.
perfect phase matching (∆k = 0) and constant signal wave intensity in the cavity
(which is true if the reflectivity of the output coupler is large,17 (Rs > 0.7)), if we
solve Eqs. (2.1)-(2.3) by standard procedure with the boundary conditions:
Ep(z = 0) = Epo and Ei(z = 0) = 0, (2.7)
then we will get expressions for pump and idler amplitudes at any z inside the
crystal.
Since the signal is assumed to be in steady state, the number of signal photons
lost per second in one round trip will be equal to the number of pump photons
reduced per second in single pass through the cavity,19 i.e.,
Ps
~ωs
× Signal loss = Pp(0)− Pp(L)
~ωp
, (2.8)
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where ~ = h/2pi, h is the Planck’s constant, Pm (m=p, s, i) is the power of corre-
sponding waves and the signal loss is defined as19:
Signal loss = 1− exp
(
−2ΓsnsL
c
)
. (2.9)
Γs is the damping constant for the signal wave, and is given by:
Γs =
c
ns
(
αs − 1
2L
ln(Rs)
)
, (2.10)
where αs is the absorption coefficient for the signal wave inside the crystal. In the
practical cases αs = 0 , and therefore neglecting αs , Eqs. (2.7)-(2.10) gives:
1
(βL)2
(
1−
∣∣∣∣EoutpEpo
∣∣∣∣2
)
=
1
Np
. (2.11)
The conversion efficiency for the signal is given by:
ηs = (1−Rs) Ps
Ppo
(
1−
∣∣∣∣EoutpEpo
∣∣∣∣2
)
, (2.12)
where
β2 = κpκi|Es|2. (2.13)
β is the parametric gain of the OPO, Np is the input pump intensity normalized
to its threshold value for αai = 0 , which is given by:
Ithp (αi = 0) =
λiλsnpnsnico(1−Rs)
8pi2d2effL
2
. (2.14)
The threshold pump intensity is determined from the fact that near threshold βL→
0.
N thp =
Ithp (αi 6= 0)
Ithp (αi = 0)
=
(
4
αiL
− 8
α2i L
2
(
1− exp
(
−αiL
2
)))−1
, (2.15)
where N thp is the normalized threshold pump intensity.
Following a slightly different approach from Lowenthal,7 we have obtained the
variation of conversion efficiency for the signal with normalized pump intensity
for different values of αiL , which is shown in Fig. 2. The numerical results are
presented for the wavelengths λp = 1.064µm, λs = 1.59µm, and λi = 3.216µm.
When αiL is small, then the idler wave is slightly absorbed and keeps contributing
to back conversion at high pump intensities. As αiL increases, idler wave gets almost
completely absorbed and there is no back conversion. Our results with αi = 0 and
αiL = 1.4 match exactly with the results of Refs. 20, 21 and 7, respectively. Also,
the variation of threshold pump intensity with αiL is approximately linear which
is consistent with the results of Ref. 22.
The above model accurately predicts the experimental results for weak idler
absorption.7 However, the model does not remain valid for the strong idler absorp-
tion, as reported in Ref. 10, due to large thermal load in the device.9 Thus, due
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Fig. Variation of signal conversion efficiency with normalized pump intensity for single crystal configuration of SR-OPO                    
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Fig. 2. Variation of conversion efficiency for the signal with normalized pump intensity for dif-
ferent values of αiL, αi is the idler absorption coefficient in the nonlinear crystal.
to thermal (lensing) effects,8 the conversion efficiency decreases. X. Zhang et. al.12
had also reported through both numerical simulations and experiments that the
absorption of idler wave inside the nonlinear crystal can strongly effect the perfor-
mance of OPO. Hence, the above model is not practical. Moore and Koch13 had
suggested a two-crystal OPO with four dichroic mirrors to enable dumping the idler
wave that is generated in the first crystal. But, the use of several mirrors makes
the device highly unstable and more lossy; and also the proposed ring cavity has
some longer optical path, and hence the build-up time is larger as compared to the
linear cavity.14 To overcome these practical limitations, we propose a linear cavity
twin-crystal SR-OPO with an idler absorber or a band stop filter placed in between
the two crystals. Due to the use of a localized absorber between the two crystals,
OPO will be free from thermal loading and thus the thermal effects does not affect
the performance of OPO.
3. Twin-crystal SR-OPO with an idler absorber
Figure 3 shows a schematic of twin-crystal configuration of SR-OPO with an idler
absorber placed in between the two crystals. This configuration is more compact
and stable as compared to that of Ref. 13. To find the conversion efficiency for the
signal we determine the evolution of the three fields inside the crystals and the
absorber.
In the above analysis, the focusing effects of the three waves have been ne-
glected. This is valid in practical cases. For example, for wavelengths in the range
λ = 1 − 4µm and beam waist wo = 1 − 3mm, the angle of diffraction comes out
to be few milliradians, and therefore one can assume the three beams to remain
collimated and overlapping within the cavity. Further, Guha23 had showed that
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Fig. 3. Schematic of twin-crystal configuration of SR-OPO with an idler absorber.
under these approximations, the analytical expressions corresponding to focused
beam interactions, reduced to plane wave results.
Following a similar approach, as outlined in Sec. 2, we write coupled equations18
for the case of perfect phase matching, and under the constant signal-wave approx-
imation, for the first crystal:
dE1p
dz
= −iκpE1iE1s, (3.1)
dE1s
dz
≈ 0, (3.2)
dE1i
dz
= −iκiE1pE∗1s −
αi
2
E1i. (3.3)
E1m(0 ≤ z ≤ L/2)’s (m=p, s, i) represent the fields inside the first crystal. Using
the boundary conditions:
E1p(z = 0) = Epo and E1i(z = 0) = 0, (3.4)
we can solve Eqs. (3.1)-(3.3) to obtain the expressions for pump and idler amplitudes
inside the first crystal. Since, there is no interaction among the three waves inside
the absorber, propagation through the absorber would only introduce a phase factor
in the three waves and a loss factor for the idler wave. For the second crystal also,
we need to solve the same set of coupled equations as given by Eqs. (3.1)-(3.3).
If Eam(t)’s (m= p, s, i) are the fields after passing through the absorber, then by
using the boundary condition:
E2p(z = 0) = Eap(t) and E2i(z = 0) = Eai(t), (3.5)
we get the following expression for the amplitude of the pump wave at the output
of the OPO:
Eoutp (z = 0) = Epo exp (i(φi + φs))[
exp(i∆φ) cos2
(
βL
2
)
− exp
(
−αait
2
)
sin2
(
βL
2
)]
, (3.6)
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where β is the parametric gain of the OPO defined by Eq. (2.13) and ∆φ = φp −
φs − φi is the relative inter-crystal phase shift of the three waves. φm’s ( m = p,
s, i) are the phase accumulated on the three waves in passing through the air gap
and the absorber, and αai is the absorption coefficient for the idler wave inside
the absorber. For ∆φ = 2qpi , where q is an integer, the conversion efficiency is
maximum, and the following results correspond to this case. The significance of
this term i.e. relative intercrystal phase shift will be discussed in Sec. 7. Above
expression for the pump amplitude can be used to find the conversion efficiency for
the signal using Eqs. (2.11) and (2.12) as shown in Sec. 2.
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Fig. 4. Variation of conversion efficiency for the signal with normalized pump intensity for dif-
ferent values of αait.
Figure 4 shows the variation of conversion efficiency for the signal with normal-
ized pump intensity for different values of αait. It is clear that increase in absorption
coefficient of the idler absorber leads to the suppression of back conversion without
any thermal loading of the device.
Again we can determine the threshold pump intensity from the fact that near
threshold βL→ 0.
N thp =
Ithp (αai 6= 0)
Ithp (αi = 0)
=
2
1 + exp
(−αait2 ) . (3.7)
Figures 5 shows the variation of idler and pump photon flux relative to the
pump photon flux at z = 0 inside the cavity for αait = 0 and 10 ; z = 0 corresponds
to the input end of the cavity and z = L + A corresponds to the output end of
the cavity, where A is the intercrystal gap (including the thickness of the absorber)
between the two crystals. Since the back conversion is effective beyond Np ≈ 2.5,
these variations have been plotted for Np = 6 (say). It is clear from the figures that
after absorption of the idler photons inside the absorber (for αait = 10), idler wave
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Fig. 5. Variation of idler photon flux (a) and pump photon flux (b) relative to pump photon flux
at z = 0 inside the cavity for αait = 0, 10 with Np = 6.
does not build up sufficiently to induce the back conversion in the second crystal
and thus the pump wave keeps on depleting.
In the above we considered the use of an absorber in between the two crystals
to dump the idler wave; however, a dichroic mirror can also be used in place of
an idler absorber. Figure 6 shows the schematic of twin-crystal SR-OPO with a
dichroic mirror M3 sandwiched between the two crystals to dump the idler wave.
The analysis will remain same, except exp(−αait) will be replaced by 1−Ri , where
Ri is the reflectivity of the dichroic mirror at the idler wavelength. In practice,
tunable OPOs are more interesting to generate idler wave (in the mid-IR) than
the signal wave. For this, one can design an idler resonating OPO, and introduce
a signal absorber located mid-way between the two crystals. Following the analysis
Modeling and design consideriation of OPOs 9
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Fig. 6. Schematic of twin-crystal configuration of SR-OPO with a dichroic mirror used to dump
the idler wave generated inside the first crystal.
presented above, one can solve the coupled wave equations to find the variation of
idler conversion efficiency with the normalized pump intensity. The variation will
be similar to Fig. 4, except the scaling of y-axis.
4. Two-crystal SR-OPO with an idler absorber
In the previous section we have taken the two crystals to be of equal length. In
this section we will vary the position of the absorber relative to the crystal length
and see its effect on the conversion efficiency for the signal. We follow the same
procedure as in the previous section to solve the coupled differential equations. If
L1 and L2 are the lengths of the first and the second crystal, respectively, with
L = L1 + L2, then the amplitude of the pump wave at the output of the second
crystal is given by:
Eoutp (z = 0) = Epo exp (i(φi + φs))[
cos (βL1) exp(i∆φ) cos (βL2)− sin (βL1) exp
(
−αait
2
)
sin (βL2)
]
.
(4.1)
Since near threshold βL→ 0 , normalized threshold pump intensity as a function
of the position of the absorber is given by:
N thp =
L2
L21 + L
2
2
. (4.2)
By considering ∆φ = 2qpi, the conversion efficiency for the signal can be determined
from Eqs. (2.12), (2.13) and (4.1). Figure 7(a) shows the variation of the conversion
efficiency for the signal for different positions of the absorber from which we can
conclude that the back conversion is almost suppressed for the case of absorber
placed nearly in mid-way between the two crystals. Therefore, it is useful to take
the two crystals of equal length i.e., L1 = L2 = L/2.
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Fig. 7. (a) Variation of conversion efficiency for the signal with normalized pump intensity for
different relative positions of the absorber with αait = 10, and (b) Variation of conversion efficiency
for the signal with normalized pump intensity for three crystal SR-OPO with two idler absorbers
at different values of αait.
5. Three-crystal SR-OPO with an idler absorber
For the twin-crystal configuration of SR-OPO with an idler absorber in between we
have seen from Fig. 7(a) that for Np > 15 , conversion efficiency for the signal again
starts dropping down due to the rapid growth of idler wave and back conversion
to the pump wave inside the first crystal. At such high pump intensities, one can
use three-crystal configuration of SR-OPO with strong idler absorbers placed at
L/3 and 2L/3 . In order to find the conversion efficiency and normalized threshold,
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we find the evolution of the three waves inside the cavity by following the same
procedure outlined in Sec. 3.
Figure 7(b) shows the variation of conversion efficiency for the signal with nor-
malized pump intensity for different values of αait . It is clear from figure that
three-crystal configuration is useful in suppressing the back conversion for Np > 15
. (cf. Fig. 6). From Fig. 4 and 7(b), one can conclude that the range of interest of Np
will decide, whether one must use a twin-crystal SR-OPO with an idler absorber,
or a three-crystal SR-OPO with two-idler absorbers.
6. Optimum normalized pump intensity for a given value of αait
In Fig. 4, one can see that as αait increases, the pump intensity at which the
conversion efficiency for the signal reaches maximum, also increases. Hence there
exist an optimum normalized pump intensity Noptp (at which we get maximum
conversion efficiency for the signal) for a given αait and the input pump intensities
of interest are always less than the damage threshold of the nonlinear crystals.24
Figure 8 shows the variation of Noptp with αait. As αait increases, the N
opt
p also
Fig. 8. Variation of optimum normalized pump intensity with αait (n is an integer).
increases; and for αait > 10, the idler wave generated inside the first crystal is
completely absorbed which leads to the saturation of Noptp .
7. Relative inter-crystal phase shift
In Sec. 3, 4 and 5 while calculating the conversion efficiency for the signal, we have
assumed that the relative inter-crystal phase shift, ∆φ = 2qpi where q is an integer.
In this section we discuss the effect of ∆φ on the conversion efficiency for the signal.
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Relative inter-crystal phase shift (∆φ) is an important parameter that can be
used to cancel the effect of phase mismatch in the three interacting waves.15,16 For
example, if the three waves are not perfectly phase matched in the first crystal and
in the second crystal they are perfectly phase matched. So the three waves leave
the first crystal with a definite phase relation between them. If the three waves
enter in the second crystal with such a relative phase (other than 2qpi), then this
may also reduce the interaction among the three waves inside the second crystal.
However, if we use an inter-crystal spacer that introduces an additional relative
phase among the three waves in such a way that the total relative phase (due to
finite phase mismatch in the first crystal and due to the spacer) is 2qpi, and then
there is maximum interaction among the three waves in the second crystal.
Relative inter-crystal phase shift can also be used to cancel the effect of opposite
signs of effective nonlinear coefficients in the two crystals.15,16 Change in sign of
effective nonlinear coefficient implies an additional relative phase of pi among the
three waves. If the two crystals have opposite signs of effective nonlinear coefficients,
then by using an appropriate spacer we can introduces an additional relative inter-
crystal phase shift of pi among the three waves. So the total relative phase of three
waves again becomes 2qpi that leads to maximum interaction.
If at least one of the three interacting waves is absent at the input of second
crystal then there is no effect of relative inter-crystal phase shift on the conversion
efficiency for the signal.13 Thus, if we introduce an idler absorber as the spacer with
αait > 10 , then the whole idler wave gets absorbed inside the absorber and at the
input of second crystal there is no idler wave. So, the variation of the conversion
efficiency for the signal is insensitive to the variation in the relative inter-crystal
phase shift. Figure 9 shows the variation of conversion efficiency for the signal with
Fig. 9. Variation of conversion efficiency for the signal with normalized pump intensity for dif-
ferent values of relative inter-crystal phase shift with αait = 2.5 (n is an integer).
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normalized pump intensity for different values of relative inter-crystal phase shift
with αait = 2.5, which reflects that for ∆φ = 2qpi conversion efficiency for the signal
is maximum.
Fig. 10. Variation of conversion efficiency for the signal with normalized pump intensity for any
relative inter-crystal phase shift with αait > 10.
Figure 10 shows the variation of conversion efficiency for the signal with nor-
malized pump intensity for all values of the relative inter-crystal phase shift with
αait > 10. From which we concludes that the variation of conversion efficiency for
the signal is insensitive to the variation of relative inter-crystal phase shift for all
αait > 10.
8. Steady state analysis of twin-crystal SR-OPO without constant
signal-wave approximation
The above discussion for twin-crystal SR-OPO with an idler absorber was based
on the constant signal-wave approximation, where the intensity of the signal wave
is assumed to be constant inside the cavity. In this section, we present the steady
state analysis for twin-crystal SR-OPO with an idler absorber, and have shown that
the constant signal-wave approximation holds good if the reflectivity of the output
coupler is high Rs > 0.7. When the reflectivity of the output coupler is not too high,
the variations of the three fields can be described by elliptic functions. Following
Bey and Tang17, we have obtained the numerical results for the conversion efficiency
for the signal with input pump intensity for different transmission coefficients of
the output coupler. In this analysis, we have used an idler absorber of infinitesimal
thickness and very high idler absorption coefficient, between the two crystals each
of length L/2. The output coupler is placed at the end of the second crystal.
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Assuming perfect phase matching of the three waves inside the two crystals,
coupled differential equations governing the nonlinear interaction of three waves in
the first crystal are given by:
dE1p
dz
= −iκpE1iE1s, (8.1)
dE1s
dz
= −iκsE1pE∗1i, (8.2)
dE1i
dz
= −iκiE1pE∗1s, (8.3)
where E1m’s (m=p, s, i) are amplitudes of the three waves inside the first crystal.
Writing the amplitudes in the following form:
E1m(z) = ξ1m(z) exp (iφ1m(z)), (8.4)
and, defining the normalized amplitude of the three waves as:
u1m =
(
nmoc
2ωmI
)1/2
ξ1m, (8.5)
where I = 12co(niξ
2
1i +nsξ
2
1s +npξ
2
1p) is the total intensity of the three waves which
is a conserved quantity; u21m’s are proportional to the photon flux of the three waves
in the first crystal. The normalized length (ζ1) is defined as:
ζ1 =
deff
c
(niξ
2
1i + nsξ
2
1s + npξ
2
1p)
1
2
(
ωiωsωp
ninsnp
) 1
2
z, (8.6)
where 0 ≤ z ≤ L/2 and 0 ≤ ζ1 ≤ l/2 The real and imaginary parts of Eqs.
(8.1)-(8.3) can now be written in the form:
du1p
dζ1
= −u1iu1s sin θ1, (8.7)
du1s
dζ1
= u1pu
∗
1i sin θ1, (8.8)
du1i
dζ1
= u1pu
∗
1s sin θ1, (8.9)
and
dθ1
dζ1
=
(
κiξ1pξ1s
ξ1i
+
κsξ1pξ1i
ξ1s
+
κpξ1iξ1s
ξ1p
)
cos θ1, (8.10)
respectively, where θ1 = φ1p − φ1s − φ1i. With the boundary condition:
u1i(z = 0) = 0. (8.11)
Manley-Rowe relations18 for the first crystal can be written as:
u21s(0) + u
2
1p(0) = u
2
1s(ζ1) + u
2
1p(ζ1), (8.12)
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u21p(0) = u
2
1p(ζ1) + u
2
1i(ζ1), (8.13)
u21s(0) = u
2
1s(ζ1) + u
2
1i(ζ1). (8.14)
Signal photon flux in the first crystal in terms of Jacobian elliptic functions25,26 is
given by the following expression:
u21s(0 ≤ ζ1 ≤ l/2) = u21s(0) + u21p(0)1− sn2
(u21s(0) + u21p(0)) 12 |ζ1 − ζo|,
(
u21p(0)
u21s(0) + u
2
1p(0)
) 1
2

(8.15)
Signal photon flux at the output of the first crystal is:
u21s
(
l
2
)
= u21s(0) + u
2
1p(0) [1−A] , (8.16)
where
A = sn2
(u21s(0) + u21p(0)) 12 ∣∣∣∣ l2 − ζo
∣∣∣∣ ,
(
u21p(0)
u21s(0) + u
2
1p(0)
) 1
2
 . (8.17)
The parameter ζo is determined from the fact that at ζ1 = 0, Eq. (8.15) is also
valid:
1 = sn2
(u21s(0) + u21p(0)) 12 ζo,
(
u21p(0)
u21s(0) + u
2
1p(0)
) 1
2
 . (8.18)
Using Eqs. (8.12)-(8.15) we obtain the expression for the photon flux of the three
waves. To find the evolution of photon flux of the three waves inside the second
crystal, we follow the same approach, and solve the coupled differential equations.
Due to the depletion of pump wave inside the first crystal and the presence of an
idler absorber (of infinitesimal thickness) just after the first crystal that absorbs
the all idler photons, boundary conditions become:
u22p(0)l
′2 = u21p
(
l
2
)
l2, (8.19)
u22s(0)l
′2 = u21s
(
l
2
)
l2, (8.20)
u22i(0) = 0, (8.21)
where u22m(0)’s are proportional to the photon flux of the three waves at the input
of second crystal and l′ is defined through the normalized length (ζ2) for the second
crystal:
ζ2 =
deff
c
(niξ
2
2i + nsξ
2
2s + npξ
2
2p)
1
2
(
ωiωsωp
ninsnp
) 1
2
z, (8.22)
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and 0 ≤ z ≤ L/2, gives 0 ≤ ζ2 ≤ l′/2. Using the Manley-Rowe relations and
by solving the coupled differential equations for the second crystal, we obtain the
following expression of the signal photon flux in the second crystal:
u22s(0 ≤ ζ2 ≤ l′/2) = u22s(0) + u22p(0)1− sn2
(u22s(0) + u22p(0)) 12 |ζ2 − ζ ′o|,
(
u22p(0)
u22s(0) + u
2
2p(0)
) 1
2
 .
(8.23)
Signal photon flux at the output of the second crystal is given by:
u22s
(
l′2
2l
)2
= u21s(0) + u
2
1p(0)1−A sn2
(u21s(0) + u21p(0)) 12 ∣∣∣∣ l2 − ζ ′′o
∣∣∣∣ ,
(
u21p(0)A
u21s(0) + u
2
1p(0)
) 1
2
 ,
(8.24)
where
ζ ′o =
l
l′
ζ ′′o ,
where ζ ′′o is the parameter, determined from the fact that the Eq. (8.23) must be
valid at ζ2 = 0 also, that gives:
1 = sn2
(u21s(0) + u21p(0)) 12 ζ ′′o ,
(
u21p(0)A
u21s(0) + u
2
1p(0)
) 1
2
 . (8.25)
Since there is no parametric gain for the propagation of signal wave in the backward
direction, for steady state, the signal photon flux at the input of the first crystal
and at the output of the second crystal are related through:
u21s(0)l
2 = Rsu
2
2s
(
l′
2
)
l′2. (8.26)
Thus, Eq. (8.24) becomes:
u21s(0) =
(
Rs
1−Rs
)
u21p(0)1−A sn2
(u21s(0) + u21p(0)) 12 ∣∣∣∣ l2 − ζ ′′o
∣∣∣∣ ,
(
u21p(0)A
u21s(0) + u
2
1p(0)
) 1
2
 .
(8.27)
Eqs. (8.18), (8.25) and (8.27) contain the whole information which is required to
determine the general steady state behavior of the twin-crystal configuration of
SR-OPO with an idler absorber. These three equations can be solved numerically
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to obtain u21s(0)/u
2
1p(0), for a given u1p(0)l, which is related to the input pump
intensity by the following expression:
u1p(0)l =
√
2ωiωs
oc3npnsni
Ip(0)deffL. (8.28)
For the variation of threshold pump intensity with the transmission coefficient of
the output coupler, one can assume the pump to be undepleted and can solve the
coupled differential equations to obtain:
(1− T ) cosh4 ([u1p(0)l/2]threshold) = 1. (8.29)
Now the conversion efficiency for the signal is given by:
ηs =
(
1−Rs
Rs
)(
u21s(0)
u21p(0)
)
. (8.30)
If Rs is large, the number of signal photons inside the cavity are much greater than
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Fig. 11. Variation of conversion efficiency for the signal with u21pl
2, which is proportional to the
input pump intensity, for different transmission coefficients (T) of the output coupler. The dashed
curves represent the variations obtained with constant signal-wave approximation and the solid
lines are the variations for the present analysis.
that of the pump photons. In this limit, our result for the pump amplitude at the
output of OPO coincides with that obtained in Sec. 2. Figure 11 shows the variation
of conversion efficiency for the signal with u21p(0)l
2 for different values of transmis-
sion coefficients (T) of the output coupler. As can be seen, the threshold increases
with increasing T , and one can also estimate the optimum output coupling for a
given pump intensity. The dashed curves are obtained under the constant signal-
wave approximation, while the solid curves correspond to the present analysis. It
is clear from the figure that the constant signal-wave approximation is valid even
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for twin-crystal configuration of SR-OPO with an idler absorber, if the reflectivity
of the output coupler is high (i.e., for Rs approximately 0.7 or more).
9. Conclusions
We have presented the analysis of twin-crystal SR-OPO with an idler absorber
located in between the two crystals. We have presented results for the conversion
efficiency for the signal as a function of normalized pump intensity for different
values of the absorption coefficient. We conclude that the introduction of an idler
absorber between two crystals of equal lengths, leads to significant increase in the
conversion efficiency for the signal because of the prevention of back conversion. At
higher pump intensities (Np > 15), one can use three-crystal SR-OPO with two ab-
sorbers to enhance the conversion efficiency. By operating the OPO at an optimum
pump intensity, for a given αait, one can obtain maximum conversion efficiency. To
make the conversion efficiency independent of the relative inter-crystal phase shift
(∆φ), we can use a strong idler absorber with αait > 10; otherwise, the conversion
efficiency will be maximum only when ∆φ is an integral multiple of 2pi. The steady
state analysis of twin-crystal SR-OPO with an idler absorber also shows that the
often used constant signal-wave approximation is valid if reflectivity of the output
coupler is high. An idler resonating SR-OPO, with a signal absorber, would lead to
relatively large idler conversion efficiency, and hence large idler power output. This
should be very useful for the generation of high power mid-IR radiation.
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